Introduction
Many efforts have been devoted to searching for Lepton Flavor Violation (LFV) decays in experiment and literature, since it is one of the signals for New Physics (NP) beyond the Standard Model (SM) in which the lepton flavor is conserved. The present upper bounds and future sensitivities for the LFV decays l α → 3l β are summarized in Table. 1. Several predictions for these LFV processes have obtained in the framework of various extended SM. One of the most attractive concepts for NP beyond SM is supersymmetry, which is the only possible nontrivial extension of the Poincaré algebra in a relativistic quantum field theory.
In this work, we will analyze these LFV decays in the Minimal R-symmetric Supersymmetric Standard Model (MRSSM). The MRSSM is proposed in Ref. 1 and gives a new solution to the supersymmetric flavor problem in MSSM, where the R-symmetry, being different from R-parity, is a fundamental symmetry proposed several years ago 2,3 and not present in models like the Minimal Supersymmetric Standard Models(MSSM). The continuous R-symmetry forbids Majorana gaugino masses, then the gaugino masses can not be anything but Dirac masses which leads to the gauge boson has a Dirac gaugino and a scalar superpartner. The R-symmetry also forbids µ term, A terms, and all left-right squark and slepton mass mixings. The R-charged Higgs SU (2) L doubletsR u andR d are introduced in MRSSM to yield the Dirac mass terms of higgsinos. Additional superfieldsŜ,T andÔ are introduced to yield Dirac mass terms of gauginos. Studies on phenomenology in MRSSM can be found in literatures 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 . In SM, the LFV decays mainly originate from the charged current with the mixing among three lepton generations. The fields of the flavor neutrinos in charged current weak interaction Lagrangian are combinations of three massive neutrinos:
where g 2 denotes the coupling constant of gauge group SU(2), ν lL are fields of the flavor neutrinos, ν iL are fields of massive neutrinos, and U P MN S corresponds to the unitary neutrino mixing matrix 24,25,26 . In this paper, we have studied the LFV decays l α → 3l β in MRSSM by considering the constraints on off-diagonal entires δ ij from LFV decays l α → l β γ. We first consider an effective Lagrangian that includes the operators relevant for the flavor observable of l α → 3l β . Then, by taking into account all possible 1-loop topologies leading to the relevant operators, the Wilson coefficients are computed for each Feynman diagram, in which the contributions have been classified into four categories (Higgs, photon, Z, box). Finally, the results for the Wilson coefficients are plugged in a general expression for BR(l α → 3l β ) and a final result is obtained.
The paper is organized as follows. In Section 2, we firstly provide a brief introduction on MRSSM. Then, we derive the analytic expressions of the Wilson coefficients in each Feynman diagram contributing to l α → 3l β in MRSSM in detail. The numerical results are presented in Section 3, and the conclusion is drawn in Section 4.
MRSSM
First, it is necessary to provide a simple introduction to MRSSM. In MRSSM, the spectrum of fields contain the standard MSSM matter, Higgs and gauge superfields augmented by chiral adjoints, two R-Higgs iso-doublets. The superfields with Rcharge in MRSSM can be found in Ref. 19 , which is not listed for simplicity. The general form of the superpotential in MRSSM is given by 4
where H u and H d stand for the MSSM-like Higgs weak iso-doublets,R u andR d stand for the R-charged Higgs SU (2) L doublets and the corresponding Dirac higgsino mass parameters are µ u and µ d . The Yukawa-like trilinear terms, which involve the singletŜ and the tripletT , contain four parameters λ u , λ d , Λ u and Λ d . The tripletT is given byT
The soft-breaking scalar mass terms are given by
It is noted worthwhile that all trilinear scalar couplings involving Higgs bosons to squarks and sleptons are forbidden due to the R-symmetry. The soft-breaking Dirac mass terms of the singletŜ, tripletT and octetÔ take the form
whereB,W andg are usually MSSM Weyl fermions. For convenience, we will use the notations in Ref. 18, 19 for the mass matrices and mixing matrices of neutralino, chargino, slepton and sneutrino. One can find the explicit expressions of these mass matrices and mixing matrices in Ref. 18,19 and we will not listed them in following. In the basis (σ d , σ u , σ S , σ T ), the pseudo-scalar Higgs boson mass matrix takes a simple form
and is diagonalized by unitary matrix Z A
In the weak basis (φ d , φ u , φ S , φ T ), the scalar Higgs boson mass matrix is given by
where the submatrices (c β = cosβ, s β = sinβ) are
,
The modified µ i parameters are given by
The v T and v S are vacuum expectation values ofT andŜ which carry zero R-charge. The relevant Lagrangian for l α → 3l β can be written as 27
The llγ interaction is given by
The general 4l 4-fermion interaction Lagrangian can be written as
The Higgs mediated diagrams contributing to l α → 3l β in MRSSM are presented in Fig.1 . The coefficients in Fig.1 (a,b) are calculated by where M H denote m h or m A 0 . The symbols M 1 , M 2 and M 3 denote masses of sparticles in internal lines. The symbols X ′ (Y ′ ) are defined as
Here and following, B, C 0 and C 1 denote the Passarino-Veltman integrals which will be introduced later on. The couplings C 4 X are identical in Fig.1(a-d) ,
however other couplings are defined different for each diagram. For h and χ 0 medi-ated diagram in Fig.1(a) , the relevant couplings and masses denotation are
For A 0 and χ 0 mediated diagram in Fig.1(a) , the couplings C 1 X , C 3 X and masses denotation are same with those in Eq. (5), the other couplings are
For h and χ 0c mediated diagram in Fig.1(a) , the couplings C 2 X are same with those in Eq. (5), the other couplings and masses denotation are
For A 0 and χ 0c mediated diagram in Fig.1(a) , the couplings C 2 X are same with those in Eq.(6), couplings C 1 X , C 3 X and masses denotation are same with those in Eq. (7) . For h and χ ± mediated diagram in Fig.1(b) , the relevant couplings and masses denotation are
For A 0 and χ ± mediated diagram in Fig.1(b) , the couplings C 1 X , C 3 X and masses denotation are same with those in Eq.(8), and the remaining couplings are
The coefficients in Fig.1 (c,d) are calculated by
For h and χ 0 mediated diagram in Fig.1 (c) , the couplings C 1 X and C 3 X are same with those in Eq.(5) except an interchange of subscripts (i ↔ k, j ↔ k). The remaining coupling C 2 and masses denotation are
For h and χ 0c mediated diagram in Fig.1 (c) , the couplings C 1 X and C 3 X are same with those in Eq.(7) except an interchange of subscripts (i ↔ k, j ↔ k). The couplings C 2 and masses denotation are same with that Eq.(10).For A 0 mediated diagrams in Fig.1 (c) , the contribution is zero as we have assumed both M W D and M B D are real numbers in the coupling of A 0ẽẽ interaction. For h and χ ± mediated diagram in Fig.1 (d) , the couplings C 1 X and C 3 X are same with those in Eq.(8) except an interchange of subscripts (i ↔ k, j ↔ k). The remaining coupling C 2 and mass denotation are
For A 0 mediated diagrams in Fig.1 (d) , the contribution is also zero since we have assumed both M W D and M B D are real numbers in the coupling of A 0νν interaction. The photon and Z boson mediated diagrams contributing to l α → 3l β in MRSSM are presented in Fig.2 . The coefficients in Fig.2 (a,b) are calculated by
where C 4 X are identical in Fig.2(a-d) ,
For χ 0 mediated diagram in Fig.2 (a) , the couplings C 1 X , C 3 X and masses denotation are same with those in Eq. (5) . The remaining couplings are
For χ 0c mediated diagram in Fig.2 (a) , the couplings C 1 X , C 3 X and masses denotation are same with those in Eq. (7) . The remaining couplings C 2 X are same with those in Eq. (12) . For χ ± mediated diagram in Fig.2 (b) , the couplings C 1 X , C 3 X and masses denotation are same with those in Eq. (8) . The remaining couplings are
The coefficients in Fig.2 (c,d) are calculated by
For χ 0 mediated diagram in Fig.2 (c) , the couplings C 1 X and C 3 X are same with those in Eq.(5) except an interchange of subscripts (i ↔ k, j ↔ k). The masses denotation are same with those in Eq.(10), and the remaining coupling C 2 is
For χ 0c mediated diagram in Fig.2 (c) , the couplings C 1 X and C 3 X are same with those in Eq.(7) except an interchange of subscripts (i ↔ k, j ↔ k). The masses denotation are same with those in Eq.(10). The remaining coupling C 2 is same with that in Eq. (13) . For χ ± mediated diagram in Fig.2 (d) , the couplings C 1 X and C 3 X are same with those in Eq.(8) except an interchange of subscripts (i ↔ k, j ↔ k). The masses denotation are same with those in Eq. (11) . The remaining coupling C 2 is C 2 = − i 2 δ ij (g 1 s w + g 2 c w ). The K X 1 and K X 2 coefficients in Fig.2 (b) are calculated by
. The couplings C 1 X , C 3 X and masses denotation are same with those in Eq.(8), and Fig.2 (c) is zero, and K X 2 is calculated by
For χ 0c mediated diagram in Fig.2 (c) , the couplings C 1 X and C 3 X are same with those in Eq. (7) except an interchange of subscripts (i ↔ k, j ↔ k). The masses denotation are same with those in Eq.(10). The remaining coupling C 2 is ieδ ij . For χ ± mediated diagram in Fig.2 (d) , the couplings C 1 X and C 3 X are same with those in Eq.(8) except an interchange of subscripts (i ↔ k, j ↔ k). The masses denotation are same with those in Eq. (11) . The remaining coupling C 2 is ieδ ij . The box diagrams contributing to l α → 3l β in MRSSM are presented in Fig.2 . The coefficients in Fig.3 (a,b) are calculated by
For two χ 0 mediated diagram in Fig.3 (a) , the couplings are
The couplings C 3 X are same with C 1 X in Eq.(14) with interchange of subscripts (i ↔ j, k ↔ l), C 4 X are same with C 2 X in Eq.(14) with index exchange (i ↔ j, k ↔ l, β ↔ α). For two χ 0c mediated diagram in Fig.3 (a) , the couplings are
The couplings C 3 X are same with C 1 X in Eq.(15) with interchange of subscripts (i ↔ j, k ↔ l), C 4 X are same with C 2 X in Eq.(15) with index exchange (i ↔ j, k ↔ l, β ↔ α). For χ 0 χ 0c mediated diagram in Fig.3 (a) , the couplings C 1 X and C 2 X are same with those in Eq. (15) , and the couplings C 3 X and C 4 X are same with those after Eq. (14) . For χ 0c χ 0 mediated diagram in Fig.3 (a) , the couplings C 1 X and C 2 X are same with those in Eq. (14) , and the couplings C 3 X and C 4 X are same with those after Eq. (15) . The masses denotation are M 1 = m i χ 0 , M 2 = m l e , M 3 = m j χ 0 and M 4 = m k e . For two χ ± mediated diagram in Fig.3 (b) , the couplings and masses denotation are
The masses denotation are M 1 = m i χ ± , M 2 = m lν , M 3 = m j χ ± and M 4 = m k ν . The coefficients in Fig.3 (c,d) are calculated by
The couplings C 1 X , C 2 X , C 3 X and C 4 X correspond to diagrams in Fig.3 (c,d) are same as those in Fig.3 (a,b) respectively, where following interchanges of subscripts should be made: (i ↔ k), (i ↔ l), (j ↔ l) and (j ↔ k). The masses notation in Fig.3 (c) are M 1 = m ĩ e , M 2 = m l χ 0 , M 3 = m j e and M 4 = m k χ 0 . The masses notation in Fig.3  (d displayed between different predictions for Br(µ → 3e) and Log 10 [δ 12 ] in logarithmic scale, which show the great dependence of Br(µ → 3e) on δ 12 . It shows that Higgs contribution is negligible (O(10 −25 −10 −21 )), which is ten orders of magnitude below the total prediction for Br(µ → 3e). The box contribution (O(10 −19 − 10 −15 )) and γ contribution (O(10 −16 − 10 −13 )) are about four and two orders of magnitude below the total prediction respectively. The contribution from Z diagrams takes an important role in prediction for Br(µ → 3e) and is too close to the total prediction to distinguish them in Fig.4 . Considering the discussion in Ref. 19 , the value of δ 13 is about 10 −1 . Then, the total prediction for Br(µ → 3e)(O(10 −9 )) is one order of magnitude below the current experimental limit in Table. 1. In Fig.5 , taking δ 12 = δ 23 =0, we display the theoretical prediction of Br(τ → 3e) versus Log 10 [δ 13 ] in MRSSM, where the contribution from total diagrams (solid line), Higgs penguins (dot line), γ penguins (dash line), Z penguins (dash dot line) and box diagrams (short dash line) are listed. We observe that a linear relationship is displayed between different prediction for Br(τ → 3e) and Log 10 [δ 12 ] in logarithmic scale, which shows the great dependence of Br(τ → 3e) on δ 12 . It shows that Higgs contribution is negligible (O(10 −25 − 10 −21 )), which is eight orders of magnitude below the total prediction. The box contribution (O(10 −19 − 10 −15 )) and γ contribution (O(10 −16 − 10 −13 )) are about four and two orders of magnitude below the total prediction respectively. The contribution from Z diagrams is very close to the total prediction and takes an important role in Br(τ → 3e), which is hard to distinguish them in Fig.5 . Considering the discussion in Ref. 19 , the value of δ 13 is about 10 −3 . Then, the total prediction Br(τ → 3e)(O(10 −9 )) is one order of magnitude below the current experimental limit in Table. 1. In Fig.6 , taking δ 12 = δ 13 =0, we display the theoretical prediction of Br(τ → 3µ) versus Log 10 [δ 23 ] in MRSSM, where the contribution from total diagrams (solid line), Higgs penguins (dot line), γ penguins (dash line), Z penguins (dash dot line) and box diagrams (short dash line) are listed. There is also a linear relationship between different prediction for Br(τ → 3µ) and Log 10 [δ 23 ] in logarithmic scale, which shows the great dependence of Br(τ → 3µ) on δ 23 . Compare with other three contributions, it shows that box contribution is negligible (O(10 −18 − 10 −12 )). The Higgs contribution (O(10 −17 − 10 −10 )) and γ contribution (O(10 −16 − 10 −10 )) are about two orders of magnitude below the total prediction respectively. The contribution from Z penguins is very close to the total prediction and takes an important role in Br(τ → 3µ), which is hard to distinguish them in Fig.6 . Considering the discussion in Ref. 19 , the value of δ 23 is about 10 −3 . Then, the total prediction for Br(τ → 3µ)(O(10 −10 )) is two orders of magnitude below the current experimental limit in Table. 1.
Conclusions
We have investigated the LFV processes l α → 3l β in the framework of Minimal R-symmetric Supersymmetric Standard Model (MRSSM) as a function of model parameters δ ij . The predictions for Br(l α → 3l β ) show a great dependent on off- diagonal inputs δ ij . Taking account of the constraints on δ ij from LFV processes l α → l β γ, all predictions for Br(l α → 3l β ) can be enhanced up to the current experimental limits or future experimental sensitivities. Thus, more precise measurements of Br(l α → l β γ) and Br(l α → 3l β ) in experiment are in need.
